This study used the brain dialysis technique to test the hypothesis that the adenosine concentration of cerebral interstitial fluid increases during situations in which cerebral oxygen supply is inadequate for oxygen demand, Sealed 300-ILm hollow dialysis fibers were im planted in the caudate nucleus of pentobarbital-anesthe tized rats and perfused at 2 ILl/min with artificial cerebro spinal fluid, In vitro tests indicated the recovery of aden osine, inosine, and hypoxanthine from the external medium to be �20% at 2 ILl/min and close to 100% at 0, I ILl/min, Three in vivo interventions were tested: hypoxia/ hypotension (PaOZ = 41.9 mm Hg; MABP = 42.8 mm Metabolic regulation of CBF is widely accepted (Kuschinsky and Wahl, 1978; Berne et aI., 1981h; Kontos, 1981; Wahl, 1985) , although the mediators involved are still controversial (Wahl, 1985) . The purine nucleoside adenosine, a by-product of ATP metabolism and known cerebral blood vessel di lator (Berne et aI. , 1974; Wahl and Kuschinsky, 1976; Gregory et aI. , 1980; Berne et aI. , 1981a), has been proposed to be one such metabolic regulator of CBF (Berne et aI. , 1974; Winn et aI., 1981h). Ac cording to the adenosine hypothesis, when there is a mismatch between local blood flow and local me tabolism in the brain, such that an area of the brain receives an inadequate oxygen supply for a given level of metabolism, adenosine release from the brain cells into the surrounding interstitial fluid is enhanced. In the interstitial fluid, adenosine dilates the blood vessels supplying the hypoxic region,
thus increasing oxygen supply and compensating for the discrepancy between blood flow and metab olism. The adenosine hypothesis for regulation of CBF is supported by the observations that brain tissue adenosine concentration increases during a variety of situations in which oxygen supply to the brain is decreased (Berne et aI. , 1974; Rubio et aI., 1975; Nordstrom et aI. , 1977; Winn et aI. , 1979 Winn et aI. , , 1980a Winn et aI. , , 1981a or when cerebral metabolic activity is increased (Rubio et aI., 1975; Schrader et aI. , 1980; Winn et aI. , 1980h) . In addition, increases in CSF adenosine concentration have been docu mented during ischemia and hemorrhage (Berne et aI., 1974; Bockman et aI. , 1981) . However, changes in brain tissue adenosine (which is a composite of intracellular and extracellular adenosine) or CSF adenosine may not accurately indicate the changes in interstitial fluid adenosine concentration to which the cerebral resistance vessels are exposed.
Therefore, the compartment that is of most interest with respect to the role of adenosine in the regula tion of CBF is the cerebral interstitial fluid.
Recently a brain dialysis technique has been de veloped that allows direct sampling of cerebral in-terstitial fluid (Zetterstrom et aI., 1982; Johnson and Justice, 1983; Lehmann et aI. , 1983; Blakely et aI., 1984; Jacobson and Hamberger, 1984; Hagberg et aI. , 1985; Wages et aI. , 1986) . The brain dialysis technique involves the implantation of a hollow di alysis fiber within the brain tissue and the perfusion of this fiber with artificial CSF. During perfusion of the fiber, exchange of molecules occurs across the dialysis fiber membrane between the cerebral inter stitial fluid outside the fiber and the artificial CSF inside the fiber. Since the artificial CSF is adeno sine-free, adenosine enters the fiber and can be re covered in the perfusate.
This article describes the brain dialysis technique as modified by our laboratory to test the hypothesis that the cerebral interstitial fluid adenosine concen tration increases during situations in which cerebral oxygen supply is inadequate for oxygen demand.
The interventions used to test this hypothesis were hypoxia, local potassium infusion, and ischemia.
METHODS

Brain dialysis technique
For our experiments a brain dialysis technique similar to that developed by Justice (Johnson and Justice, 1983; Wages et a!., 1986) was used. The dialysis cannulas were constructed using I-cm lengths of Clirans TH 10 hollow fiber dialysis tubing (inner diameter 300 f.lm, molecular weight cutoff 5,000 amu). One end of the dialysis tubing was sealed with cyanoacrylic glue and two polyimide coated hollow silica tubes (inner diameter 120 f.lm, outer diameter 170 f.lm; Anspec Co., Ann Arbor, MI, U.S.A.) were inserted into the other end. As shown in Fig 5 cm) reached to within I mm of the sealed end of the dialysis fiber and the end of the other silica tube (outflow tube; length 4 cm) was 5 mm from the end of the inflow tube. Once the silica tubes were properly aligned, they were sealed in place within the dialysis fiber with cya noacrylic glue. The inflow tube was in turn connected via plastic tubing to a syringe filled with artificial CSF and perfused at rates ranging from 0.1 to 5.0 f.lllmin (model CMA/100 microinjection pump; Carnegie Medicin AB). The effluent was collected in preweighed sample tubes, weighed to determine the volume collected, and stored for later analysis. The artificial CSF consisted of (mM) NaCI 132.8, NaHC03 24.6, urea 6.7, glucose 3.7, KCl 3.0, CaCl2 2.0, and MgClz 0.7.
In vitro tests
The aim of the in vitro experiments was to define the equilibration characteristics of the dialysis cannulas for adenosine, inosine, and hypoxanthine. As shown by other investigators for other compounds, complete equili bration may not occur between the artificial CSF and the surrounding medium during flow through the dialysis cannula (Zetterstrom et a!., 1982; Johnson and Justice, 1983; Jacobson and Hamberger, 1984; Wages et aI"., 1986) . The degree of equilibration (determined by com paring the concentration in the dialysis cannula effluent with that in the medium-the percentage recovery) will depend on the area available for diffusion and the perfu sion rate through the dialysis fiber. Because the dialysis fibers have the same diameter, the area available for dif fusion is determined by the distance between the ends of the inflow and outflow tubes. Since a 5-mm distance be tween the ends of the inflow and outflow tubes was used in vivo, tests were performed with similar cannulas in vitro. To study the effect of perfusion rate on percentage recovery, dialysis cannulas were perfused at 0.1, 0.5, 1.0, 2.0, and 5.0 f.lllmin with artificial CSF in a bathing me dium containing artificial CSF (maintained at 37SC and bubbled with 5% COz-95% Oz), 1.0 f.lM adenosine, 1.0 f.lM inosine, and 1.0 f.lM hypoxanthine. In addition it is important to document the relationship between per centage recovery and the concentration of the equili brating substances in the surrounding medium. For these experiments, dialysis cannulas were perfused with artifi cial CSF at 2.0 f.lllmin through a bathing medium con taining artificial CSF and adenosine, inosine, and hypo xanthine at concentrations of either 0.5, 1.0, or 10 f.lM.
In vivo experiments
Animal preparation. Adult male Wi star rats weighing 300-500 g were anesthetized with sodium pentobarbital (50 mg/kg i.p. and supplemented as needed), tracheosto mized, and artificially ventilated (680 rodent respirator; Harvard) with a mixture of oxygen and nitrogen. Tidal volume, respiratory rate, and percentage oxygen in the inspired gas were adjusted to maintain normal blood gas values (158 pH/blood gas analyzer; Corning). Core body temperature was maintained with a heating pad between 37 and 38°C and monitored with a rectal temperature probe. The left femoral artery was cannulated for the measurement of arterial blood pressure (model P23Db pressure transducer; Statham) and the withdrawal of ar terial blood samples. The left femoral vein was cannu lated for infusion of fluids.
In preparation for implantation of the dialysis tubing in the brain, animals were placed in a stereotaxic instru ment and the frontal and parietal bones of the skull were exposed. A 2-mm burr hole was made 2 mm anterior and 2.5 mm lateral to the bregma and the dura was carefully incised to expose the brain. The dialysis cannula was placed in a micromanipulator and lowered into the brain tissue so that the 5-mm length of dialysis fiber between the ends of the two silica tubes rested primarily in the caudate nucleus (Pellegrino et aI., 1979) . The dialysis cannula was then cemented into place with carboxylate cement. A 2-h recovery period was allowed between the implantation of the dialysis fiber and initiation of experi mental protocols. Six 20-min samples were collected during the 2-h recovery from surgery; the final 20-min collection served as the control sample. Protocols. Three experimental protocols were per formed: hypoxia (n = 9), local potassium infusion (n = 4), and anoxia/ischemia (n = 10). The aim of the inter ventions was to produce marked changes in the relation ship between oxygen supply and oxygen demand in the brain, which, according to the adenosine hypothesis, should produce increases in cerebral interstitial fluid adenosine. In all experiments a control period was fol lowed by a lO-min experimental period. In the hypoxia and local potassium infusion protocols, two postinter vention samples were collected, the first for 10 min and the second for 20 min. Hypoxia was induced by de creasing the fraction of oxygen in the inspired air. To in fuse potassium locally into the brain, the dialysis cannula perfusate was changed from normal artificial CSF (3.0 mM KCl, 132.8 mM NaCl) to artificial CSF containing 80.0 mM KCI and 55.8 mM NaC!. The high potassium presumably increases local neuronal metabolism by dif fusing out of the dialysis fiber and activating the neurons surrounding the dialysis cannula. At the end of the 10min experimental period, the dialysis cannula was once again perfused with normal artificial CSF. Cerebral an oxia/ischemia was created by turning the respirator off. Arterial blood pressure dropped rapidly with the cessa tion of respiration and the heart stopped beating within 2 min after the onset of asphyxia.
In a separate group of animals, the effect of varying the perfusion rate of the dialysis cannula was studied in vivo. Following the 2-h recovery from implantation, the can nula was perfused at 0.1 f.Ll/min for 1 h, 0.5 f.Ll/min for 30 min, 1.0 f..d /min for 20 min, 2.0 f.LlImin for 20 min, and/or 5.0 f.Ll/min for 20 min.
Analytical procedures
The perfusate samples were analyzed for adenosine, inosine, and hypoxanthine using reverse-phase high per formance liquid chromatography. Separation of the com pounds of interest was achieved using an Altex Ultra sphere-ODS column and a 0% (pH 4.5) to 25% (pH 5.3) methanol in 100 mM KH2P04linear gradient over 35 min. Peaks were identified and quantified by comparing reten tion times and peak heights with those of known stan dards.
Statistical analysis
A paired t test with a Bonferroni correction for multiple comparisons was used to make statistical comparisons of the mean values of different conditions within the same animals. A p value of <0.05 was accepted as indicating statistically significant differences.
RESULTS
In vitro tests
The results of the in vitro tests are shown in Fig. 2. As the perfusion rate of the dialysis cannulas in creased, the percentage recovery of 1.0 f.LM adeno sine, inosine, and hypoxanthine decreased in a nonlinear fashion (Fig. 2) . At 0. 1 fLl/min the per centage recovery averaged close to 100% for all three compounds; however, the variability was high at this slow perfusion rate. At 2.0 fLl/min (the rate that was used in vivo), the percentage recovery was 20.3 ± 1. 7 for adenosine, 17.3 ± 1. 4 for inosine, and 24.2 ± 2.8 for hypoxanthine.
Varying the bath concentration of the three com pounds over the range of 0.5-10 fLM did not pro duce statistically significant changes in the per centage recovery.
In vivo results
The average perfusate concentrations of adeno sine, inosine, and hypoxanthine during the 2-h re covery from implantation of the dialysis cannula are depicted in Fig. 3 . The initial levels of the three compounds were quite high immediately following implantation, but dropped rapidly and reached a plateau after � 1 h. The perfusate concentrations of adenosine, inosine, and hypoxanthine at the end of the 2-h recovery period were 0. 12 ± 0.0 1, 0.26 ± 0.02, and 0.60 ± 0.06 fLM, respectively.
As seen in Fig. 4 , the perfusate concentration of adenosine, inosine, and hypoxanthine decreased as the perfusion rate increased. At 0. 1 fLlImin, the rate where � t 00% recoveries were seen in vitro, the perfusate concentrations of adenosine, inosine, and hypoxanthine were 1.26 ± 0. 13, 3.30 ± 0.23, and 7. 19 ± 0.57 fLM, respectively. Te n minutes of anoxia/ischemia produced 30-, three-, and fourfold increases in perfusate concen trations of adenosine, inosine, and hypoxanthine, respectively (Fig. 7) .
DISCUSSION
Much of the evidence in support of the adenosine hypothesis for the regulation of CBF comes from observations that the adenosine concentration in brain tissue and CSF increases when oxygen supply to the brain is decreased (Berne et a!. , 1974; Rubio et aI. , 1975; Nordstrom et aI., 1977; Winn et a!. , 1979 Winn et a!. , , 1980a Winn et a!. , , 1981a Bockman et a!., 1981) or when cerebral metabolic activity is increased (Rubio et a!. , 1975; Schrader et a!. , 1980; Winn et a!., 1980b) . However, the limitations of these studies in discussing the role of adenosine in the local regulation of CBF is that brain tissue or CSF adenosine concentrations may not accurately re flect the interstitial fluid adenosine concentration to which the cerebral resistance vessels are exposed.
The present study addressed this shortcoming by using the brain dialysis technique to measure changes in cerebral interstitial fluid adenosine con centration. The in vitro tests of the dialysis cannulas showed that adenosine, inosine, and hypoxanthine do ex change across the dialysis fiber membrane and can be measured in the effluent. In agreement with that shown by other investigators for other compounds (Zetterstrom et a!., 1982; Johnson and Justice, 1983; Jacobson and Hamberger, 1984; Wages et a!., 1986) , the degree to which the artificial CSF within the dialysis fiber equilibrated with adenosine, ino sine, and hypoxanthine in the surrounding medium The primary disadvantage of the brain dialysis technique is the tissue trauma caused by the im plantation of the dialysis cannula. Although we did not perform histological studies, others have de scribed the cannula as generating a narrow track through the tissue, leaving the cells surrounding the fiber relatively intact (Johnson and Justice, 1983; Lehmann et a!., 1983; Jacobson and Hamberger, 1984) . The fact that purine nucleoside levels in the interstitial fluid were elevated immediately fol lowing implantation indicates that there was some trauma associated with the implantation of the dial ysis cannula. However, the adenosine, inosine, and hypoxanthine levels dropped off quickly and Our estimates of cerebral interstitial fluid adeno sine, inosine, and hypoxanthine correlate well with other estimates. Using a variation of the brain dial ysis technique, Zetterstrom et al. (1982) arrived at estimates of cerebral interstitial fluid adenosine, in osine, and hypoxanthine from anesthetized rats of 1-2, 3, and 5 fLM, respectively. Extrapolating from brain tissue data using the assumption that adeno sine exists predominantly in the extracellular space, Winn et al. (1979 Winn et al. ( , 1980a ) estimated the cerebral interstitial fluid adenosine concentra tion in rats to be approximately in the micromolar range. In addition, the ratio of adenosine to inosine to hypoxanthine in brain tissue is similar to the ratio we observed in cerebral interstitial fluid using the brain dialysis technique (Winn et aI., 1979 (Winn et aI., , 1980a (Winn et aI., , 1981a .
Exposing the pentobarbital-anesthetized rats to hypoxia not only decreased Pao2, but also resulted in marked hypotension and moderate hypocapnia.
In that hypotension and hypocapnia (a) tend to de crease oxygen delivery to the brain by decreasing CBF and (b) have both been shown to be associated with increased brain tissue adenosine levels (Rubio et aI., 1975; Winn et aI., 1980a) These results correlate well with the 10-fold in crease in perfusate adenosine concentration we saw with hypoxia and the accompanying hypotension.
One of the benefits of using the brain dialysis technique is that substances can be infused locally into the brain tissue surrounding the dialysis can nula, as was done with the high-potassium solution.
The rationale of using potassium was to depolarize the cells surrounding the dialysis cannula, thereby increasing their metabolic activity. However, potas sium also has direct effects on the cerebral resis tance vessels and therefore probably altered local blood flow as well. Potassium has been reported to be a potent dilator of cerebral resistance vessels up to 20 mM, beyond which it causes constriction (Wahl, 1985) . Based on our experiments we were not able to determine the concentration of potas sium reached outside the dialysis cannula as a re sult of perfusion with an 80 mM KCl solution. The concentrations were most likely >20 mM in the re gion directly adjacent to the cannula and decreased with distance away from it. Therefore, we are not in a position to discern the various influences that contributed to the increases in interstitial fluid adenosine with increased local levels of potassium.
Other investigators have used high potassium to ac tivate regions surrounding an implanted dialysis cannula (Lehmann et aI., 1983) , but these studies measured interstitial fluid amino acid changes rather than purine nucleoside changes.
In agreement with our anoxia/ischemia results, Berne et al. (1974) observed that CSF adenosine concentration increased fourfold after 6 min of ce rebral ischemia in the dog and that by 20 min brain tissue adenosine had increased 15-fold. Winn et al. (1979) observed that 5 s after aortic transection in the rat, brain tissue adenosine increased 2.5-fold.
At 1 min following the transection, brain tissue adenosine increased sixfold. Thus, ischemia results in the rapid and marked accumulation of adenosine in the brain tissue and in the interstitial fluid.
In conclusion these data support the adenosine hypothesis for the regulation of CBF by indicating that the cerebral interstitial fluid adenosine concen tration increases during hypoxia/hypotension, local potassium infusion, and anoxia/ischemia. 
